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PRESSURE RECOVERY IN A CYLINDRICAL HEAT PIPE AT HIGHRADIM
REYNOLDSNWiBERSAW (T HIGH MACH NLMBERS

F. Haug
Energy Division

Los Alamos National Laboratory
Los Alamms, New Mexico

Abstract

The pressure recovery in a cyl!ndricnl heat
pipe has been investigated. The ●xperiments cover
average radial Reynolds nmbers between 5 and 150
and average Mach numbers up to the velocity of
sound.

During preliminary experiments In a cylin-
drical, gravity-assisted heat pipe at high Mach
rw,arrberslarge condensate fla instabilities were
observed. As a consequence the heat pipe power
varitd strongly. Based on these observations an
improved heat pipe desfgn was made that resulted
In steady operating conditions throughout the
entire parameter range. This heat pipe is
descr~bed.

The pressure recovery was measured and cam-
pared with results from a two-dimensional analyt~-
cal model for describing compressible vapor flou
in heat pipes. Good agreement with the experi-
mental data was found.
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Nomenclature

cross-section of vapor duct
sonic velocity
speciffc heat of coolant
diameter of the vapor channel
coolant mass flow
fanning friction factor
heat of vaporization
length of evaporator or condenser
Mach nunber, averaged over the cross
section
maximum local Mach number
static pressure of vapor
reference pressure of vapor
heat pipe power
universal gas constant
axial Reynolds nunber
radial Reynolds number
radial Reynolds number, averaged over
zone length
saturation temperature of v,lpor
reference temperature of vapor
water Inlet temperature in the
evaporator and the condenser
water outlet temperature in the
evaporator and the condenser
radial vapor velocity
molar mass
axial vapor veloclu
axial vapor velocity, averaged over
the cross section
aaial coordinate
momentun factor
dimensionless radial coordinate
relative pressure recovery
viscosity of vapor
density of vapor

C, A. Busse
and Conrnlsslonof European Communities

Join: Research Center
Ispra (VA), Italy

Subscripts:
1 beginning of ●vaporator
2 middle of adiabatic zone
3 end of condenser

Introduction

The gasdynamic phenomena of the vapor flow
In a heat pipe are rather complex. Radial mess
injection in the evaporator due to evaporation
leads to an accelerating flow field, whereas,
radial mass extraction IP the condenser has the
opposite ●ffect, In both evaporator and condenser
the velocity profiles deviate considerably from
developed laminar or turbulent pipe flo~. Uncer-
tainties exist esneciallv under conditions of
tiaryingvapor densities at high Mach numbers and
when inertia effects in the vapor dominate the
flow, i.e., generally at Rer2 1. Rer is the
radial Reynolds number defined oy

(1)

Addltlonally, a high radial Reynolds number
leads to Wrbu]ence in cylindrical condensers even
If the axial Reynolds number 1s well below the
transition value for pipe flow. Experimental
eviderlcefor this phenomenon at axial Reynolds
numbers f only a few hundred is given by llual~e

?and Levy who measured the velocity profiles In
a porws tube with suction by means of a hot wire
probe. They found that the transition tn turbu-
lence first occurs at the downstream part of the
condenser. The beglnnfng of th!s turbulent region
nmves upstream wfth Increasing radial Reynolds
number. At Rer ■ 6 It extends over 30%of the
tube length, at Rer . 10 over 60%. Yhey mea-
sured the pressure increase In the condenser up
to Re ● 16 and found good agreenu?ntwith lami-

inar f ow predictions, The m?dsuremants of the
p:essure recovery by Qualle and Levy were mde at
low Mach number dnd hence the flow was incompress-
ible, Host of the other Investigations p blished

tso far are limited to even smaller Rer.3- .
The nuln objective of the present study Is,

therefore, to Investigate pressure recovery In a
cylindrical heat pipe at a parameter range of
Ker andlla well beyond the investigations pub-
lished so far. That Is at average radial Reynolds
number of betwen 5 and 150. The average Mach
number Ma ranges betw@@n 0,1 and nearly 1.0. For
this Investlgatfon accurate nmsurements of the
static pressure In the heat pipe as well as steady
state operating conditions of the heat pipe at
high Mach number are required,



Due b the interaction bet-en the condensate
and the counterflowing vapor at high vapor veloc-
ities, cunplica~ed non-stationary phenoaena such
as surface waves, floodfng in the conderr ‘r,

~~~~~?,$n~l~he ‘v’por’~r, and ●ntrainment canthese flow phenomena lead w un-
steady heat pipe operating conditions and, as a
consequence, to variations In the heat pfpe power
and to significant pressure changes in the heat
pipe. Therefore, prior to ●xperimental Investf.
gatfons on pressure recoverj, a detailed study on
vapor-liquid interaction at high Mach nabers tn
a cylindrical, gravi~-&ssisted heat pipe was
carried out.

The observed flow phenunena are described in
the next sectfon. Based on these observations,
modifications to the heat pipe wel’emade that
suppressed these fluctuations. The basic design
features of the heat pipe and the experimental
methods are then discussed. The analysfs of the
experimental data was done with the computer code
AGATHE (Analysts of GAs@namic Transport of HEat)
wh{ch uses a lamfnar, two-dimensional flow model
and a turbulent, one-dimensional flow model

? ‘-scribe compressible wapcr flow in heat pipes.
This versatile code is the first one fully adapted
for heat pipe analysis for al! radial Reynolds
numbers Rer and for Mach numbers up to the ve-
locitvof sound. The results of both the experi-
ments and the analysis ar’~alstireported.,

LJquid-Vapor Interaction

Liquid-vapor Interactions in heat p~pes have
long been a topic of investigation and are of
widely shared interest amongheat pipe researchers.
One of the r~asons is the consequences that flow
phenomena like flooding, surg?ng and entrainment
have on heat pipe operation and specifically the
effect on overall heat transfer capability and
performance limitations, However, these flow phe-
nomena are not yet fully understood. A successful
model to predict entrainment in heat pipes with
simple wick structure: was developed by Prenger
and Kmmne,9 In thei) experiments performance
limits were defined as operating points where the
heat pipe is no longer isothermal, But few obser-
vations of flow phenomena in cylindrical heat
pipes have been m.>de, The observations presented
in this paper are the results of a prel{mfnary
stu4y on flow \)henomenawith the objective to nb-
tain information on vapor-liquid interactionat
high Kech nunbers and at high radial Reynolds
nunbers,

Figure 1 il a schematic of the neat pipe used
for the fled observations, It w~s made of an
alumlnun alloy, The overall length wss 800nan and
the diameter of the vapor duct was 47 nsn. The
length of evaporator md condenser were each
200 nml, The wtck structure consisted of longitud-
inal grooves with an aperture angle of 120” and a
width Of 1 nsn. The heat pipe was heated and
cooled by two independent entcrnal water loops
and operated in the vertical, gravity-assisted
position, Dod~cane, uwd as the working fluid,
ha$ a lW heat of vaporization, a iow vapor
pressure in the operating Wnporatdre range and a
low sonic veloctty. Thuse properties ensble the
worling flufd to attain high Mach nunbers as well
a~ high radial Reynolds number at a fairly low
heat pipe power and heat input per unit length
do/dz, respectively, The operating temperature

range was between 25 and 55*C and the heat pipe
power was varied between 15 and 450W. Awtndow
at the downstream end of the heat Pipe allowed
direct observation of the condensate flow char.
acteristics. Themcouples ware located in the
vapcr duct at the beginning, the middle, and the
end of the heat pipe. Power transport by the
heat pipe was measured at the calorimeter using
coolant flow r4te Jnd temperature rise msasure-
-nts.

At small Mach number the heat pipe operated
smoothly, f.e., no unstable condensate fl-w was
observed. No temperature fluctuations could be
detectetiand the heat pipe power was fairly con-
stant. Drilycapillary flow nas observed, f.e.,
the condensate remained within the grooves. tlow-
ever, the evaporator was not unifomly wetted and
exhibited large dry zones.
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At increasing Mach number, the grooves at
the begfnning of the condenser filled up and free
flow of the condensate occurred, Some small wave
fonnati;ns were also observed, At sufficiently
h:qh vapor velocities the unsteady flbw behavior
became nuch more pronounced. Due to the high
dynamic forces of the vapor flow the condensate
accumulated at the beginning of the condenser and
a thick liquid ring was observed (Ffg. 2). The
reduced condensate return flow caused a receding
liquid front in the evaporator, which was then
partially dried out, Uith the decrease of evapo-
ration the vapor flow decreased and the dynamic
pressure on the condensate ring diminish~d. As a
consequence, the hydrostatic pressure predominated
again and the condensate sur ed into the partly
dry evaporator, ?This was fo lowed by rapid evapo-
ration and the process was rep~ated, This period-
ic process caused un$table heat pipe operation and
fluctuating heat pipe power, Considerable temper-
ature variation at each thermocouple location ill
the h~at pipe was detected, The cycle duration of
this periodic process was approximately 2 seconds.

~~f~;!~ !n an annular, grtvity-assisted heat pipe,
recesses have been observed by Busse @nd
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Pressure Recovery Experiments.—

A steady ~ntcrnel fl~ In the heat pipe is
required to determ!ne the pressure recovery. :t
is necessary, therefore, to suppress the fluctua-
tions of the condensate md heat pipe power de-
scribed above. This was achieved by developing a
modular heat pipe (F~g. 3) with a non-unifo~ Wfck
structure that included a device for condensate
distribution fn the evaporator as shown fn Fig, 4.
This heat pipe consisted of four parts that were
joined with flanges and O-ring seals. The heat
pipe size was similar to the heat pipe that was
used for the flotiobservations. Except for the
adiabatic scctfon the capillary structure was
also the same, Tllchdiabatlc section, which was
made of stainless steel, contained a thick screen
wick. A thin-walled ring covered both the screen
and the grooves forming a translt{on section
bethcen the adiabatic zone and the evapol-ltor.

Ar,ysurge of liquid entering the thick screen
wfck of the adiabatic section was damped, The
condensate accumulated in a small circumferential
pool between the ring and the wall of the adia-
bat!c section. This intcrmcdfate pool supplied
each separate flow channel of the evaporator wfth
approximately the same amount of condensate.
Using the window at the downstream end cf thr
heat pipe, unlfoml ~ettlng of the evaporator Has
conflnrwd even at high Mach numbers.

The statfc pressure along the heat p;pe was
measured by means of a precision capacitance
pressure meter at three locatlons; at the begin-
nln of the evaporator,

f
In the middle of the adia.

bat c zone and at the end of the condenser. To
prevent condensation of vapor In the connecting
Ilnes of the pressure meter, tubes and valves were
heated. Each series of mcasurcmcnts was made @t
conttant opcratlng pressure, dcflned as the static
prc~sure In the middle of the adiabatic zone, The
heat pipe power and operatfnu temperature varted,
The range of radial Reynolds numbers obtained was
bctuccn 5 and 150 and the average Mach nunber
varied between zero and one, The vapor tempera-
ture changed between 25 and 55”c, l~igure5 shows
@ view of the experimental setup,
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The relative pressure recovery Is defined as
the ratio of the pressure recovery to the total
pressure drop or

\ ■ (P3 - P2)/(Pl- P2) . (2)

Tlw saturation temperature T at e~ch masure-
mcnt locatlun was calculated from

-UhfU(l/T - l/lo)/R ,
p.poe (3}
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The heat pipe pwer was
energy balance {n the Ilqufd
inlet and outlet temperature
rtte.
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Fig. 5. View of the ~xperimental

determined by an
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and the cmltnt flow The
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Nearly unifomn radial Reynolds nwnbers could
be obtained by adjusting the coolant water flow
rates to match the coolant temperature rise to
the saturation temperature rise. The average
radial Reynolds nunber Is

The sverage Mach nunber In the middle of the
adlabatlc zone fs

L2t-U?m

Analysis.

computer Code AGATHE1 was developed Lo
heat pipes operating with compressible

vapor flow at Mach numbers up to 1 and at all
radial Reynolds numbers. For each heat pipe zone

(4; a lamlnar, two-d!menslonalcalculation or a tur-
bulent one-dimensional calculation with [nput of

(5)

(6)

emplrlcal factors for describing the turbulence
can be chosen. The rmdel features and solutlon
procedures of this code can be found In Ref. 1.
Measurenwnts were used to verify lamlnar theory
and to provldc emplrlcal data for turbulence.

klhichmodel (Iaminar, turbulent) to select
for each zone ca
IIterature data},~frt;;~;t%f~’;~~ #~;~;g
In cylindrical pipes leads to a stablllzatfon of
the lamlnar flow, The rate of tnjectlon per unit
length is described by the radial Re nolds number.

iIf the radi~l Reynolds number 1s hfg enough.
turbulence does not occur even at axial Reynolds
number well beyond the transition value or pipe
flow which is 2300. [Huesman and Eckertl found
In experiments with & porous tube nlth In.lectlon
that at Rer , ?0, b transition to turbulence
occurred only If the axial Reynolds nianberex-
ceeded 10,000 at the exit of the tube. The ratio
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of rtdial to satal Reynolds rwber In this case
WdS o.m7.

In the beet pipe used for the present study
ths ●aximun axial Reynolds n-r was < 52~
whereas the correspond ng average radlal Reynolds
snmber uas nearly 150. The rttfo Rer/Re was
0.0289 which 1s Mre than four times htgher than
In the experl-nts by Huesaan and Eckert. Thfs
fncrecses the sthbfllv of the l-inar flm.
Therefore, to calculate the pressure variation
●long the evaporator the laminar model was chosen.

The adjacent ad~abatic zwte had a length-to-
dfameter ratio of approximately 2.5, which was
very x11. A laminar flow ●ntering this zone was
not likely to undergo transition to turbulence
●ven at axi~l Reynolds numbers bet-en 2300 anl
52C9. Additionally, th~ velocity profile at the
transition from the ●vaporator to the adiabatic
section is a rather flat and stable coslne-
profile, Therefore, to describe the flow tn this
zone the laminar model was also chosen.

Suction or con~nsatlon leads to turbulence
in cylindrical condensers even !f the axial
ReyIv31dsmmber is wll below the transition value
for pipe flow. Even #t very small radial Reynolds
numbers Rer2 4 Qualle and Levy could detect
backfla in the velocity profile close to the
wall. Such veloclty profiles #re unstable. At
slightly higher Rer the onset of turbulence in
the flew In the davnstre.smpart of the condenser
was observed. 6eneraTIy it can be concluded that
the higher the radial Reynolds nunber the further
the beginning of the turbulent region xmves up-
stream. The question is hw to describe the flow
which is in a state of transition from ~ laminar
to turbulent.

For this purpose tm attempts were made to
cal~uldte the condenser flw;

d) a lamindr, tsm-dimensional calculation,
b) a turbulent, one.dimensional calculation
using -n empirical friction factor.
The bou~ldJryconditions for the turbulent

attempt were based cn two assumptions;
1. The boundary layer at the wall will turn
turbulent dnd will spread towards the center-
line with increqse in the axt~l coordinate,
but the vel~city profile along the relatively
short condenser will not vary substantially.
Therefore the rrursentumfactor s calculated
from the 1? Inar velocity profile at the
transition from the adiabatic zone to the
condenser inlet can he used. The momentum
factor o Is defined as

(7)

2. Suction, or in t,hlscase condensation at
the wall, prevents the center flow t-em
seefng the state of the tlall. Therefore, the
frlctlon factor should be independent of the
wfillroughness, The friction factor for a
turbulent flow for this case can be described
hy Blasius’ law descrlb{ng flow in a smooth
tube

f , 0.07B
R> “ (8)

The Iter@tion procedure for thfs C#lCdlatiOn is
described In R@f. 12.

Figures 6 - 9 shti the relative pressun re-
covery for f~r different operatfng pressures. as
a function of the average radial Reynolds n-r.
Also, the related axial Reynolds ntier is shown
on the s- axis. The WXlm- local Mach rider,
uhich occurs in the centerline at the outlet of
the adiabatic section, is indicated by arrows for
tm cases H~a ● 0.5 and 1.0. This wxhwm

!local Mech nw er has been determined fran the
leminar velocl~ profile Uhfch was calculated
using AGATHE.

All four curves shm netrly the sum behav.
ior, a strong incresse of the relative pressure
recovery with an increase in the radial Reynolds
nuaber. It retches a maximun followed by a de.
crease beyond M% X2 1. In Fig. 9, which shins

!the data at the h ghest operating pressure, this
maxinnunis very flat: that is the pressure recov-
ery r~ains constant over a wide range of radial
Reynolds rsimbers.
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Figs. 6-9: Pressure recovery (P3 - p2!/(p] - p )

iin percent versus the radial Reynol s
Number for different operating pressures

P*. As a parameter the maximum local
Flach number at thti ●nd of the adiabatic
zone if indicated.

The increase of the pressure r~overy wfth
the rddial Reynolds nunber, uhfch !s the ratio of
fnertfa to VISCOUS forces, is #ttrlbuted to a *.
creasfng fnfluence of viscous forces. The de-
crease of the pressure recovery at maximum local
Mach nunbers greater than one fndfcates an addl.
tfon~l energy dissipation at supersonic core flow.
Appa ently if local Mach nwnbers are close to or “
grester than one and subsequent Condensation
occurs, an additional dfsslpatfon mechanfsm
●xfsts. An e~planation would be that an fncreas.
fng part of the core flw becomes supersonic and
comprcss!on shncks might occur fn the downstream
part of the cmd~nser. The higher the operatir,g
pressure, the h!dher are the radial Reynolds
nunbers at which supersonic flow occurs. For the
operating pressure of 85 Pa, shown in Ffg. 9, this
radial Reynolds nunber Is about 139.
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Figure 10 Is a wmary of the fncreaslrrgpart
of the pressure recovery curves of Fi s. 6 to 9.

?At subsonic flow the fmr curves nmry lfe
together. Th relative pressure recoverY reaCkS
a maximm of around 93 to 94%at b radial Qeynolds
ntier of ●bout SO ●nd r~airss constant untfl the
maxln- local Xach ruaber exceeds 1.

Also fndicatd in Fig. 10 Is a data point
twasured by K- with ● cylindrical, sodfum

heat pfpe. It agrees well wfth the rewlts of
the present study.

Ftgure 11 shws a coaparlsod bet-en the
experl=ntally obtained pressure recovery curve
at small Mach rumbers and the calculated ones,
As ●xplalned frrdetail In the previous section
calculations In both the evaporator and the adia-
batic zone were msde with the lamlrrarmdel. The
adjacent condenser was subsequently calculated
with the laminar or the turbulent mdel. In
Fig. 11 the Indication of lamlnar or turbulent
refers to the respective mdel. In both cases the
Dressure recovery !ncreases i.fthIncreaslrrqradial
Reynolds number is does the ●xperimental c~rve,
which lies between the cal~ulated ones.

‘-\7aminar

/y --”--.” “

r-

/ ~.k ~rbulent

t /

Experiments I
Mama. . ! o

1/’

— Experiment
——laminar
— —turbulent

c ‘.L ; 3: 15: m

Radial Reynolds Number Rer

Fig. 11. Comparison of calcultited pre~aure
recovery with tllc expcrimentfi.

At wall radial Reynolds numbers the lamlnar
nndel agrees well with the ernperlmentsalthough
the conder,serflow Is In a state of transition
fr@m laminar to turbulent flow, This result fs
also fn good agreemen: wfth Qualle and Levy’s
(1973) ;amlnar flow predictions forRer up to 16.
Wth Increasing R?r the deviation of both curves
b~canc more pronounced. At radial Reynolds numbers
above 60, the turbulent rmdel offers the better
result, In the Interval 806 Rer$lzo the
curve based on the turbulent model shows a very
good approach to the experlrnentu. The devi-
ation between both curves Is only around 1 - 2T.

These results indlcote that @t high radial
Reyno’ds nunber the transition to turbulence may
have a’~rra~ occurred at the begfnnfng of the con-
donscr. At unaller Rer, how~ver, the entrance
part of the condenser, uhtre the htghest v@locf-
tles (and therefore the hlghett @nerv dlssfpatfon)
axlst, ma) still bm lamlnar. Thfs could explafn
the better renults with the Iamfmr flow mdel in
this parameter range.



Conclusions

Zn a cylindrical gravfty-assisted heat pipe
o~elating at high Mach ntiers unsteady condensate
flew as a consequence of the vapor-liquid inter-
action was obsewed. The condensate accwlated
at the beginntng of the condenser in a ring-like
pattern. A reduction fn condensate return fl~
caused a partial dry-out of the evaporator. As a
consequence the dynamic forces diminished and the
condensate surged fnto the partly dry evaporator.
This was followed bj rapid evaporation and the
process was period~cally repeated.

Based on these observat~ons, a mdular heat
ptpe was designed to provide steady-state opera-
tion. This provision enabled accurate measure-
ments of the pressure recovery In the heat pipe at
14achnmbers up to the velocity of sound and at
h!gh radial Reynolds nhbe)s b+tween !5and 150.

The pressure recovery depends strongly on the
radial Reynolds ~mber. It increases with ker
from a value of about 50X at Rer= 5 to a msxi-
mun sf 93% at a radial Reynolds nunber of ab~t
50. At 50s RI+< 130 t~e pressure recovery
rma{ns practically constant at 93%. A strong
decrease in pressure recovery occurs independent
of Rer If the local Mach numbers reach or exceed
1.0. The decrease of the pressure recovery at
local Mach nunbers above one indicates an addi-
tional energy dissipation at a supersonic core
flow.

Measurements of pressure recovery for subsonfc
flow at Rer up to 30 compared well u~th a lamlnar
tin-dimensional nmdel. At Rer280, however, the
turbul~nt model showed excellent agreement with the
meas~red pressure recovery.
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